INTRODUCTION {#sec1}
============

African horse sickness virus (AHSV) is the causative agent of African horse sickness (AHS), a disease listed by the World Organisation for Animal Health (OIE). The virus can cause different forms of disease ranging from a mild fever to an acute form ([@B1], [@B2]). The disease can cause mortality in up to 95% of naive horses ([@B3]). AHS is endemic to sub-Saharan Africa, where it has a huge economic impact by animal losses and reduction of draft power, transportation, and trade ([@B4]). AHSV is transmitted by midges, of which only a few Culicoides species are known competent insect vectors ([@B5][@B6][@B7]). In Europe, AHS outbreaks would result in large economic losses to the equestrian industry and would have an enormous emotional impact on owners of pet horses. AHS is associated with the presence of competent insect vectors, and spread could expand by various factors, including climate change ([@B8], [@B9]). Recently, endemic Culicoides species in countries with a moderate climate have appeared to be competent vectors of bluetongue virus serotype 8 (BTV8) ([@B10][@B11][@B12]). These findings imply that AHS-free countries with milder climates are at risk of outbreaks of this disease ([@B13]). The last AHS outbreak in Europe caused by serotype 4 was reported in Spain and Portugal and also spread to Morocco ([@B14], [@B15]). This outbreak was controlled by the use of a live-attenuated vaccine (LAV) ([@B2]). In a later stage, an inactivated AHS vaccine for serotype 4 was also developed ([@B16]). LAVs are currently used in Africa but have not been registered for countries outside Africa ([@B3]). Several approaches have been explored to develop safe AHS vaccines, but these have not been marketed yet ([@B17][@B18][@B22]).

AHSV (genus Orbivirus; family Reoviridae) is closely related to BTV, epizootic hemorrhagic disease virus, and equine encephalosis virus ([@B23]). Orbiviruses, of which BTV is the prototype, are nonenveloped viruses containing a genome of 10 double-stranded RNA (dsRNA) segments (segment 1 \[Seg-1\] to Seg-10) and consist of three protein layers, namely, VP3 (subcore), VP7 (core), and the outer shell proteins VP2 and VP5 ([@B23]). VP2 is the serotype-determining protein and the major target for neutralizing antibodies (NAbs), whereas VP7 is the target of serogroup-specific serological tests ([@B24][@B25][@B26]). In addition, the orbivirus particle contains VP1, VP4, and VP6, which constitute the replication proteins. Nonstructural orbivirus proteins NS1 to -4 are not incorporated into the virus particle.

Reverse genetics has been developed for AHSV ([@B27]) and for BTV, including nonvirulent and virulent BTV strains ([@B28], [@B29]). This technology has been used to generate "synthetic" BTV reassortants by the exchange of genome segments ([@B29][@B30][@B34]). Genetic modification of Seg-9 and -10 has shown that the nonstructural proteins NS4 and NS3/NS3a, respectively, are not essential for BTV replication *in vitro* and *in vivo* ([@B35][@B36][@B37]).

A novel bluetongue disabled infectious single animal (BT DISA) vaccine based on LAV strain BTV6/net08 and NS3/NS3a knockout mutations in Seg-10 abolished virulence and viremia ([@B37]). Consequently, the uptake of the BT DISA vaccine virus by vectors can be prevented. Furthermore, release of the BT DISA vaccine virus from Culicoides cells *in vitro* is strongly reduced, which suggests that onward spread by biting midges is also highly unlikely ([@B36], [@B38]). The prototype of the BT DISA vaccine for serotype 8 induces serotype-specific protection and enables differentiation of infected from vaccinated animals (DIVA) ([@B39], [@B40]). The BT DISA vaccine platform has been explored for more serotypes by VP2 exchange or incorporation of chimeric VP2 ([@B41]).

Here, we used reverse genetics for strain AHSV4LP to explore the exchange of serotype-determining Seg-2\[VP2\] for all nine AHSV serotypes. In addition, the role of the NS3/NS3a proteins of AHSV4LP was studied. Finally, VP2 exchange and NS3/NS3a knockout mutations were combined. These results demonstrate the potential of an AHS DISA vaccine platform for all nine AHSV serotypes.

MATERIALS AND METHODS {#sec2}
=====================

Cell lines and viruses. {#sec2-1}
-----------------------

BSR cells (a clone of baby hamster kidney cells \[[@B42]\]) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen) containing 5% fetal bovine serum (FBS) and antibiotics (100 IU/ml penicillin, 100 μg/ml streptomycin, and 2.5 μg/ml amphotericin B). Culicoides variipennis Kenyon cells (KC) were grown in modified Schneider\'s drosophila medium with 15% heat-inactivated FBS, 100 IU/ml penicillin, and 100 μg/ml streptomycin ([@B43]).

A LAV for AHSV serotype 4 was generated ∼50 years ago by passage of virulent AHSV HS 32/62 in suckling mice and BHK-21 cells, followed by selection of large plaques on Vero cells ([@B2]). The official passage number is HS32/62-10S-10BHK-3LP-7Vero. In this study, we called the virus AHSV4LP. All other viruses described in this study are based on AHSV4LP and were generated by reverse genetics. Virus stocks were obtained by infection of fresh BSR cells at a multiplicity of infection (MOI) of 0.1 and stored at 4°C. Virus titers were determined by endpoint dilution and expressed as log~10~ 50% tissue culture infective doses (TCID~50~) per milliliter.

cDNAs of AHSV genome segments. {#sec2-2}
------------------------------

Genome segments of AHSV4LP were sequenced by using next-generation sequencing and conventional sequencing of full-length amplified cDNAs ([@B44]). cDNAs of complete genome segments of AHSV4LP (GenBank accession numbers [KM820849](KM820849) to [KM820858](KM820858)) were synthesized by GenScript Corporation (Piscataway, NJ, USA) in appropriate plasmids under the control of the T7 promoter. Restriction enzyme sites suitable for full-length runoff RNA transcription were introduced as previously described for BTV ([@B29]).

Similarly, plasmids with full-length cDNAs of Seg-2\[VP2\] of all other serotypes and Seg-6\[VP5\] of serotypes 3 and 6 were designed (GenBank accession numbers [KF859987](KF859987), [KF859997](KF859997), [KM886355](KM886355), [KM886345](KM886345), [KF860007](KF860007), [KF860017](KF860017), [KF860027](KF860027), and [KF860037](KF860037) and accession numbers [KM886359](KM886359) and [KF860011](KF860011), respectively). Internal SapI sites of cDNAs of Seg-2 of serotypes 2 and 3 (accession numbers [KF859997](KF859997) and [KM886355](KM886355), respectively) were mutated by silent point mutations to allow full-length runoff transcription after SapI digestion. cDNAs of mutated Seg-10 were synthetically derived by GenScript Corporation (Piscataway NJ, USA) or constructed by using standard procedures. Plasmid DNA was linearized to enable runoff transcription, as previously described ([@B29]). Synthesized RNAs were purified by using the MEGAclear kit (Ambion), according to the manufacturer\'s protocol, and stored at −80°C.

Open reading frames (ORFs) encoding VP1, -3, -4, -6, and -7 and NS1 and -2 of AHSV4LP were synthesized (GenScript Corporation) and inserted into expression plasmid HC pSMART or LC pSMART under the control of the immediate early promoter of human cytomegalovirus by using standard procedures ([@B45]).

All plasmids were transformed and maintained in Escherichia coli strain DH5α cells (Invitrogen) and isolated by using the High Pure plasmid isolation kit (Roche) or the QIAfilter Plasmid Midi kit (Qiagen).

Rescue of AHSV4LP, reassortants, and mutants. {#sec2-3}
---------------------------------------------

BSR cell monolayers in wells of M24 plates (2 cm^2^) at 15 to 20% confluence were transfected with 300 ng DNA of plasmids expressing VP1, -3, -4, -6, and -7 and NS1 and -2 in equimolar amounts by using 0.75 μl Lipofectamine 2000 (1:2.5, 1 mg/ml; Invitrogen) in Opti-MEM I reduced-serum medium, according to the manufacturer\'s instructions. At 24 h posttransfection, transfected monolayers were transfected again with a total of 600 ng of all 10 capped runoff RNA transcripts in equimolar amounts. At 22 h post-RNA transfection, the transfection mix was replaced with 1 ml DMEM supplemented with 5% FBS, 100 IU/ml penicillin, 100 μg/ml streptomycin, and 2.5 μg/ml amphotericin B.

All transfections were performed in duplicate. At 48 h post-RNA transfection, cell culture medium was harvested, and the transfected monolayers were passed once after trypsinization. Wells of this passage of transfected monolayers were immunostained by using an immunoperoxidase monolayer assay (IPMA). The supernatant was harvested from monolayers showing cytopathogenic effects (CPE) to prepare a virus stock. Stained plaques without CPE suggested virus replication, and duplicate wells of these plaques were passed 1:5. Passage of transfected cells was repeated in anticipation of visible CPE or increased numbers of immunostained plaques as an indicator of virus replication. Cells were passaged until at least 50% of the monolayer either showed CPE or was immunostained. Virus was harvested, and clarified supernatants were stored at 4°C.

When immunostaining was negative after sequential passages, the attempt to rescue the virus was considered unsuccessful. Rescue attempts were repeated at least twice in order to conclude that virus could not be recovered.

Sequencing of Seg-2, Seg-6, and Seg-10. {#sec2-4}
---------------------------------------

Viral RNA of the generated mutants and reassortants was isolated from 200 μl of infected-cell culture medium by using the High Pure viral RNA kit (Roche). Seg-10 was entirely amplified, and Seg-2 and Seg-6 were partially amplified by using appropriate primers and the One-Step reverse transcription-PCR (RT-PCR) kit (Qiagen). Amplicons were purified by using the Zymoclean gel DNA recovery kit and sequenced according to standard procedures by using the ABI Prism 3130 genetic analyzer (Applied Biosystems), and sequences were verified by using Lasergene SeqMan Pro software (version 11; DNASTAR).

Immunoperoxidase monolayer assay. {#sec2-5}
---------------------------------

Expression of virus proteins was determined by an IPMA according to standard procedures ([@B46]). Monoclonal antibody (MAb) 10AE12 and MAbs 8F9, 1B4, 1E7, and 4D3 are directed to VP5 and NS3 of AHSV4LP, respectively (generous gifts from Ingenasa, Spain). Monospecific polyclonal guinea pig (GP) sera raised against baculovirus-expressed VP2 proteins (anti-VP2 GP serum) of different AHSV serotypes were reported recently ([@B47]). Conjugated rabbit anti-mouse serum and conjugated rabbit anti-GP serum were commercially purchased (Dako).

Infected monolayers were fixed with methanol-acetone (1:1) or 4% paraformaldehyde in PBS. To study transient NS3/NS3a expression, BSR cell monolayers were first infected by recombinant fowlpox virus expressing DNA-dependent T7 RNA polymerase ([@B48]). After 1.5 h, unbound virus was removed, and monolayers were washed with Opti-MEM I reduced-serum medium and subsequently transfected with a plasmid harboring mutated Seg-10 under the control of the T7 promoter, as described above. Medium was replaced by DMEM after 4 h, and at 24 h posttransfection, monolayers were fixed as described above.

Immunostaining was performed with anti-VP5 MAb, anti-NS3 MAb, or 500×-diluted anti-VP2 GP serum followed by conjugated rabbit anti-mouse serum or conjugated rabbit anti-GP serum. Generally, an IPMA with anti-VP5 MAb was performed to confirm infection or transfection, whereas an IPMA with anti-VP2 GP sera showed serotype-specific immunostaining, and an IPMA with anti-NS3 MAbs was used to study NS3/NS3a expression.

Plaque morphology. {#sec2-6}
------------------

BSR cell monolayers were infected with NS3/NS3a mutants of AHSV4LP at an MOI of 0.1, 0.01, or 0.001 and incubated under overlay medium (1× Eagle\'s minimal essential medium supplemented with 0.25% sodium bicarbonate, 5% FBS, antibiotics, and 1% methylcellulose). Monolayers were fixed with methanol-acetone (1:1) at the indicated hours postinfection (hpi) and immunostained with anti-VP2 GP serum against serotype 4. CPE of separate plaques were compared and semiquantified as having normal, small, or no CPE.

Virus growth kinetics on BSR cells and KC. {#sec2-7}
------------------------------------------

To determine virus growth, BSR cells were infected with AHSV1LP to AHSV9LP in duplicate in wells of M24 plates at an MOI of 0.01. Each experiment was repeated at least once with independently prepared virus stocks. After attachment of virus to cells for 1.5 h, the medium with unbound virus was removed. Monolayers were washed once with culture medium, 1 ml of culture medium was added, and incubation was continued. Cells and medium were harvested at 0, 16, 24, and 48 hpi. Virus was harvested by freeze-thawing at −80°C and centrifugation and stored at −80°C.

To determine virus release, confluent BSR cell or KC monolayers in M24-well plates were infected with Seg-10 mutants of AHSV4LP in duplicate at an MOI of 0.1. Each experiment was repeated at least once with independently prepared virus stocks. After attachment of virus to cells for 1.5 h at 37°C for BSR cells and 28°C for KC, the medium with unbound virus was removed. Monolayers were washed once with culture medium, 1 ml of culture medium was added, and incubation was continued. At the indicated time points (6, 24, 48, and 72 hpi), culture medium was harvested, and the remaining attached cells were collected in 1 ml of fresh medium. Virus in cell fractions was harvested by freeze-thawing at −80°C and centrifugation and stored at −80°C.

Virus titers were determined by endpoint dilution on BSR cells and expressed as log~10~ TCID~50~ per milliliter. Therefore, BSR cells were infected with a 10-fold dilution of samples and grown for 72 h. Wells were immunostained with the respective anti-VP2 GP serum or VP5-directed MAb in order to visualize plaques not showing CPE.

RESULTS {#sec3}
=======

Single Seg-2\[VP2\] synthetic reassortants of AHSV. {#sec3-1}
---------------------------------------------------

Reverse genetics of strain AHSV4LP was developed and will be described in detail elsewhere. Briefly, transfection of expression plasmids for VP1, -3, -4, -6, and -7 and NS1 and -2 of AHSV4LP was followed by transfection of a set of 10 capped runoff RNA transcripts. Initially, reverse genetics was used to exchange the genome segments Seg-2\[VP2\] and Seg-6\[VP5\] of serotypes 3 and 6 in AHSV4LP (not shown). Virus rescue was detected by visualization of CPE in freshly infected BSR cell monolayers, Seg-2 and Seg-6 were detected by partial sequencing, and the serotype of these synthetic reassortants was confirmed by IPMAs with serotype-specific anti-VP2 GP sera.

Since the exchange of both segments encoding outer shell proteins appeared flexible, we studied the exchange of the single Seg-2\[VP2\] reassortant in LAV strain AHSV4LP. Therefore, the set of capped runoff RNA transcripts of AHSV4LP used for transfection was completed with the capped runoff RNA transcript of one Seg-2 of each of the AHSV serotypes. A set of AHSV4LP-related viruses (AHSVxLP, where x indicates the serotype of Seg-2\[VP2\]) for all nine serotypes, designated AHSV1LP to AHSV9LP, was generated ([Table 1](#T1){ref-type="table"}). AHSV1LP to AHSV9LP were identified by IPMAs with the respective serotype-specific anti-VP2 GP serum and partial sequencing of Seg-2. These viruses have the same backbone and have only different Seg-2s encoding the serotype-determining VP2 protein.

###### 

IPMA results for single Seg-2-typed reassortants of AHSV4LP[^*a*^](#T1F1){ref-type="table-fn"}

  Seg-2-typed AHSVxLP   Staining of GP sera against VP2 of AHSV serotype:                                             
  --------------------- --------------------------------------------------- ----- ----- ----- ----- ----- ----- ----- ----
  AHSV1LP               +++                                                                                           
  AHSV2LP                                                                   +++                                       
  AHSV3LP                                                                         +++   \+          \+    \+          
  AHSV4LP                                                                               +++         \+    \+          
  AHSV5LP                                                                                     +++                     
  AHSV6LP                                                                                           +++               
  AHSV7LP                                                                         \+    \+          \+    +++         
  AHSV8LP                                                                               ±     ±     \+          +++   
  AHSV9LP                                                                               \+          \+    \+          ++

Immunostaining was semiquantitated as very strong, strong, weak, very weak, and negative (+++, ++, +, ±, and −, respectively).

Serotype specificity and virus growth of AHSV1LP to AHSV9LP. {#sec3-2}
------------------------------------------------------------

BSR cell monolayers infected with AHSVxLP viruses were immunostained with monoserotype polyvalent anti-VP2 GP sera of each of the nine AHSV serotypes ([Table 1](#T1){ref-type="table"}). Immunostaining was very strong for the homologous anti-VP2 GP serum. AHSVxLP viruses of serotypes 1, 2, 5, and 6 were stained only with homologous anti-VP2 GP serum. Furthermore, anti-VP2 GP serum for serotypes 1, 2, 8, and 9 immunostained only BSR cells infected with the homologous AHSVxLP virus and not with other AHSVxLP variants. However, several anti-VP2 GP sera, in particular those raised against VP2 of serotypes 4, 6, and 7, also showed weak immunostaining with several heterologous AHSVxLP viruses ([Table 1](#T1){ref-type="table"}). Despite this weak immunostaining, AHSV1LP to AHSV9LP are clearly distinguishable by the set of nine anti-VP2 GP sera used at a standardized dilution.

Growth of AHSV1LP to AHSV9LP was studied in more detail by multistep growth curves in BSR cells. Similar growth curves were obtained for independently derived virus stocks. Generally, virus growth differed considerably for several AHSVxLP viruses and could be divided into three groups: serotypes 4 and 5; serotypes 6, 8, and 9; and serotypes 1, 2, 3, and 7 ([Fig. 1](#F1){ref-type="fig"}). Obviously, AHSV4LP and AHSV5LP showed growth characteristics similar to those of AHSVxLP of serotypes 6, 8, and 9 but started at a higher titer at 0 hpi. AHSVxLP viruses of serotypes 1, 2, 3, and 7 showed retarded growth early after infection (16 hpi). Virus growth kinetics from 16 hpi onwards were very similar for all AHSVxLP viruses. These results indicated that VP2 exchange can affect virus growth *in vitro*, which is most obvious early after infection.

![Virus growth kinetics of single Seg-2 reassortants of AHSV4LP (AHSVxLP) in BSR cells. BSR cell monolayers were infected with AHSVxLP in 2-cm^2^ wells at an MOI of 0.1. Virus titers were determined at 0, 16, 24, and 48 h postinfection and expressed as log~10~ TCID~50~ per milliliter.](zjv9990906980001){#F1}

NS3/NS3a proteins are not essential for *in vitro* AHSV replication. {#sec3-3}
--------------------------------------------------------------------

NS3/NS3a of AHSV was studied by the introduction of several mutations into Seg-10. First, the start codon of NS3 (mutAUG1), the start codons of NS3 and NS3a (mutAUG1+2), and three additional in-frame stop codons downstream of these mutated start codons (mutAUG1+2&STOPS) were studied ([Fig. 2](#F2){ref-type="fig"}). All mutations were successfully incorporated into Seg-10 of AHSV4LP. Immunostaining of infected monolayers with NS3-directed MAbs was still positive for mutAUG1, indicating expression of the NS3a protein. Immunostaining was negative for mutAUG1+2 and mutAUG1+2&STOPS ([Table 2](#T2){ref-type="table"}). Transient translation from DNA-dependent T7 RNA polymerase-driven transcription (see Materials and Methods) is more sensitive, and transient expression of mutAUG1+2 and mutAUG1+2&STOPS showed immunostaining with NS3 MAbs, which suggested weak NS3-related expression by viruses with the respective mutated Seg-10. To ensure the knockout of any NS3-related translation, mutAUG1+2 was combined with an out-of-frame deletion of 32 bp (positions 92 to 123) (delLD) encompassing the putative late domain (LD) of NS3 ([@B49]), with an in-frame deletion of 315 bp (positions 139 to 453) encompassing the putative transmembrane region 1 (delTM1), or with an out-of-frame deletion of transmembrane region 2 of 145 bp (positions 454 to 598) (delTM2) ([Fig. 2](#F2){ref-type="fig"}). All deletion variants of AHSV4LP were successfully rescued. Cells infected with these mutants tested negative by IPMAs with NS3 MAbs ([Table 2](#T2){ref-type="table"}). However, transient NS3-related expression for delLD was positive, and a derivative of delTM2 with wild-type start codons of NS3 and NS3a showed weak immunostaining with NS3 MAbs. Finally, mutAUG1+2 was combined with delLD, delTM1, and delTM2 ([Fig. 2](#F2){ref-type="fig"}). This deletion in Seg-10 of 266 bp (delLD&delTM1+2) was also stably incorporated into AHSV4LP, and immunostaining with NS3 MAbs was negative for both infected monolayers and NS3-related transient expression ([Table 2](#T2){ref-type="table"}). We conclude that NS3/NS3a of AHSV is not essential for virus replication *in vitro*, but Seg-10 RNA is essential, as virus rescue without this RNA failed. Apparently, Seg-10 of delLD&delTM1+2 contains RNA sequences sufficient but essential for *in vitro* replication of AHSV.

![Overview of mutations in Seg-10 of AHSV4LP. AUG and stop codons in the ORF of NS3 are indicated by \* and ×, respectively. Seg-10 RNA sequences are indicated by lines, and putatively translated NS3-related ORFs are represented by boxes. Locations of the late domain (LD) and transmembrane regions 1 and 2 (TM1 and TM2, respectively) are indicated. Deletions are indicated by dashed lines.](zjv9990906980002){#F2}

###### 

AHSV4LP with mutated Seg-10[^*a*^](#T2F1){ref-type="table-fn"}

  Virus                    CPE detected   IPMA result        
  ------------------------ -------------- ------------- ---- ----
  AHSV4LP                  \+             \+            \+   \+
  AHSV4LP without Seg-10   None           ND            ND   ND
  mutAUG1                  \+             \+            \+   \+
  mutAUG1+2                \+             \+            −    \+
  mutAUG1+2&STOPS          Small          \+            −    \+
  delLD                    Small          \+            −    \+
  delTM1                   −              \+            −    −
  delTM2                   −              \+            −    ±
  delLD&delTM1-2           −              \+            −    −

Rescue of virus without Seg-10 RNA was not successful (none). CPE was normal (+), reduced (small), or absent (−). NS3/NS3a expression was determined by IPMAs of infected monolayers (NS3) and of transient expression (NS3\*) as positive (+), very weak (±), or negative (−). ND, not determined.

NS3/NS3a of AHSV is essential for cytopathogenic effect in mammalian cells. {#sec3-4}
---------------------------------------------------------------------------

CPE of Seg-10 mutants of AHSV4LP were studied ([Table 2](#T2){ref-type="table"}). The mutAUG1+2 mutant formed plaques showing normal CPE, whereas mutAUG1+2&STOPS and delLD formed plaques with reduced CPE (small CPE). The delTM1, delTM2, and delLD&delTM1+2 mutants formed plaques without obvious CPE (no CPE). To semiquantitate CPE in more detail, BSR cell monolayers were infected with AHSV4LP, AUG1+2&STOPS, delLD, delTM2, and delLD&delTM1+2 at an appropriate MOI to generate foci of infected cells that were investigated by IPMAs ([Fig. 3](#F3){ref-type="fig"}). The mutAUG1+2&STOPS and delLD mutants induced small CPE. This smaller CPE seems to be associated with a delay of CPE induction of ∼1 day. CPE of AHSV4LP at 24 hpi and 48 hpi were comparable to those of AUG1+2&STOPS and delLD at 48 hpi and 72 hpi, respectively ([Fig. 3](#F3){ref-type="fig"}). The delTM2 and delLD&delTM1+2 mutants induced no CPE up to 72 hpi. Apparently, CPE is associated with NS3 expression and in particular with the expression of one or two transmembrane regions.

![Plaque morphology of Seg-10 mutants of AHSV4LP. BSR cell monolayers were infected with Seg-10 mutants of AHSV4LP and grown under overlay medium. At 24, 48, and 72 h postinfection, cells were fixed and immunostained. Separate plaques were semiquantitated as having normal CPE (AHSV4LP), small CPE, and no CPE, corresponding to +, small, and −, respectively, in [Table 2](#T2){ref-type="table"}.](zjv9990906980003){#F3}

NS3/NS3a is essential for AHSV release from Culicoides cells. {#sec3-5}
-------------------------------------------------------------

The same set of selected Seg-10 mutants of AHSV4LP (mutAUG1+2&STOPS, delLD, delTM2, and delLD&delTM1+2) was studied for virus release from mammalian (BSR) and insect (KC) cells ([Fig. 4](#F4){ref-type="fig"}). The virus titers of AHSV mutants in culture medium (released virus) of BSR cells were ∼1.5- to 2.0-log~10~ TCID~50~/ml lower than that of AHSV4LP ([Fig. 4B](#F4){ref-type="fig"}). This difference was observed at 24 hpi and remained similar at 48 and 72 hpi. These results suggest that virus release is delayed in the first round of infection due to the lack of NS3/NS3a expression. The virus titer of cell-associated virus was 6 to 7 log~10~ TCID~50~/ml for both AHSV4LP and mutants of AHSV4LP, which indicated that virus replication in BSR cells is not affected by Seg-10 mutations ([Fig. 4A](#F4){ref-type="fig"}).

![Virus release form mammalian and insect cells. Monolayers were infected at an MOI of 0.1. Virus titers (log~10~ TCID~50~ per milliliter) in cell medium and cell fractions were determined at the indicated hours postinfection. (A) BSR cell-associated virus; (B) virus released from BSR cells; (C) KC-associated virus; (D) virus released from KC.](zjv9990906980004){#F4}

AHSV mutants and AHSV4LP also replicated to titers of 5 to 7 log~10~ TCID~50~/ml in KC. The titer of cell-associated AHSV4LP was slightly higher and that of delTM2 was slightly lower than those of the other tested Seg-10 mutants of AHSV4LP ([Fig. 4C](#F4){ref-type="fig"}). In contrast to BSR cells, however, virus release from KC was hardly detected for Seg-10 mutants, whereas AHSV4LP was quickly released into the culture medium to a virus titer of 5 to 6 log~10~ TCID~50~/ml at 24 hpi ([Fig. 4D](#F4){ref-type="fig"}). No virus release was observed for Seg-10 mutants at 48 and 72 hpi, which clearly demonstrates that NS3/NS3a expression is essential for virus release from KC.

DISA vaccine candidates for AHS. {#sec3-6}
--------------------------------

As an example, AHSV4LP mutants with the NS3/NS3a knockout mutation AUG1+2&STOPS and Seg-2 of serotype 1 or 8 were successfully generated, resulting in AHSV1LP-(NS3/NS3a^mut^) and AHSV8LP-(NS3/NS3a^mut^) ([Table 3](#T3){ref-type="table"}). Similarly to previous experiments, Seg-2 and Seg-10 of these mutant viruses were confirmed by sequencing and IPMAs. Despite the fact that AHSV1LP grew to lower virus titers, VP2 exchange for serotype 1 in combination with an NS3/NS3a mutation was efficiently rescued. This shows the flexibility to combine VP2 exchange with NS3/N3a mutations. We conclude that the constellation of the AHSV genome can be freely composed by using reverse genetics. We suggest that the results presented here are the first steps toward the development of an AHS DISA vaccine for all serotypes.

###### 

AHSV4LP with exchanged Seg-2 and mutated Seg-10 (AHS DISA vaccine candidates)[^*a*^](#T3F1){ref-type="table-fn"}

  Virus                     Seg-2 serotype   Segment of AHSV4LP   CPE     VP2 serotype determined by IPMA   NS3 expression determined by IPMA
  ------------------------- ---------------- -------------------- ------- --------------------------------- -----------------------------------
  AHSV4LP                   4                1--10                \+      4                                 \+
  mutAUG1+2                 4                1--9                 \+      4                                 \+
  mutAUG1+2&STOPS           4                1--9                 Small   4                                 −
  AHSV1LP-(NS3/NS3a)^mut^   1                1, 3--9              Small   1                                 −
  AHSV8LP-(NS3/NS3a)^mut^   8                1, 3--9              Small   8                                 −

Data for the mutation mutAUG1+2&STOPS (NS3/NS3a^mut^) in combination with Seg-2 exchange in AHSV1LP-(NS3/NS3a)^mut^ and AHSV8LP-(NS3/NS3a)^mut^ are shown. CPE was normal (+) or reduced (small). Expression was determined by IPMA as positive for the indicated serotype for VP2 and as positive (+) or negative (−) for NS3.

DISCUSSION {#sec4}
==========

Reverse genetics for strain AHSV4LP was used to study the exchange of Seg-2 and genetic modification of Seg-10. The exchange of both outer shell proteins of several serotypes was shown for BTV6/net08 and for AHSV ([@B31], [@B47]). However, this was limited to certain BTV serotypes ([@B28], [@B34], [@B50]). Recently, single Seg-2\[VP2\] exchange was also limited for BTV ([@B34], [@B41]). Here we succeeded in single Seg-2 exchange for all AHSV serotypes (AHSV1LP to AHSV9LP) ([Table 1](#T1){ref-type="table"}). Apparently, single Seg-2 exchange for AHSV is more flexible than that for BTV.

AHSV1LP to AHSV9LP differ only in Seg-2, encoding the serotype-determining VP2 protein and the major target for NAbs ([@B17][@B18][@B22], [@B25]). Immunostaining of AHSVxLP viruses was highly specific with monospecific polyclonal anti-VP2 GP sera, which detect neutralizing as well as nonneutralizing epitopes ([Table 1](#T1){ref-type="table"}). In general, semiquantitative immunostaining largely but not necessarily reflects NAb titers, likely due to nonneutralizing antibodies (Abs) ([@B47]). Taken together, we assume that the single Seg-2 variants AHSV1LP to AHSV9LP will induce serotype-specific immune responses in equids.

AHSV1LP to AHSV9LP showed similar CPE, but virus titers of serotypes 1, 2, 3, and 7 were lower than those of the ancestor virus AHSV4LP and the other single Seg-2 variants at 16 hpi, which suggested that virus entry was delayed. However, reduced virus production after the first round of virus replication could be caused by many processes, e.g., infection; uncoating; transcription; translation; mRNA recruitment; and the replication, assembly, release, and stability of the virus. Thus, VP2 exchange can affect interactions with host proteins as well as interactions with viral proteins. For BTV, VP2 of serotype 2 on the BTV1 backbone also showed delayed virus growth, and a virus with single Seg-2s of several other serotypes was not viable ([@B34], [@B41]). Chimeric BTV VP2 was used to change the serotype of the BTV backbone of previously nonviable single VP2 reassortants of BTV ([@B41]). Possibly, chimeric AHSV VP2 could also be used to increase the virus growth of AHSVxLP variants, like those of serotypes 1 to 3 and 7.

Transcription, translation, and replication of heterologous RNA could be different from those of homologous RNA, and even the assembly or stability of the virus could be affected by the incorporation of heterologous RNA sequences. Indeed, deletions of RNA sequences and the incorporation of foreign RNA sequences appeared to be unstable in BTV, and a mutated Seg-10 with additional mutations arose rapidly in virus passages ([@B38], [@B51]). These studies demonstrate that RNA sequences in the remaining and interrupted open reading frame affect virus growth. Thus, heterologous Seg-2 in AHSV may also affect virus growth, irrespective of the translated VP2 protein.

Mutations of start codons and introduced stop codons did not completely abolish NS3-related translation, as shown by transient expression. It is likely that immunogenic regions of NS3/NS3a mutants are weakly expressed by artificial translation, which suggests that this expression is associated with plaque morphology. Interestingly, deletion of regions encoding putative transmembrane regions resulted in the absence of CPE (delTM1, delTM2, and delLD&delTM1+2), and NS3-related expression for these mutants was negative or extremely low ([Table 2](#T2){ref-type="table"}). This suggests that any NS3-related expression, in particular that of transmembrane regions, is associated with CPE.

Deletions in AHSV Seg-10 were stably incorporated into AHSV ([Table 2](#T2){ref-type="table"}). AHSV Seg-10 of delLD&delTM1-2 is only 266 bp long but is genetically stable. In contrast, many small deletions scattered over Seg-10 of BTV were not stable and changed during passages by additional insertions or deletions ([@B38]). It would be interesting to further enlarge deletions in NS3 of AHSV delLD&delTM1-2 to determine essential RNA sequences in Seg-10 of AHSV.

Viral RNA genomes are very compact, and their encoded proteins have been considered essential for the virus life cycle; for arthropod-borne viruses, this includes efficient virus transmission to susceptible hosts by competent insect vectors. We showed here that NS3/NS3a expression is not essential for *in vitro* replication of AHSV, which is in agreement with previously reported findings for the prototype midge-borne orbivirus BTV ([@B36], [@B38]). In further agreement with the data for BTV, CPE caused by AHSV in mammalian cells and virus release from cultured insect cells are dependent on NS3/NS3a expression ([Fig. 3](#F3){ref-type="fig"}) ([@B36]). NS3/NS3a of AHSV has been associated with virulence and viremia ([@B52], [@B53]), and virulent BTV8 without NS3/NS3a is not virulent and strongly reduced in viremia ([@B37]). Based on these *in vitro* similarities, we hypothesize that virulent AHSV lacking NS3/NS3a is not virulent in equids.

The virulent isolate AHSV HS 32/62 has been attenuated by passages and selected by large-plaque morphology, resulting in LAV strain AHSV4LP ([@B2]). The safety of replicating vaccines such as these traditional LAVs is controversial, particularly when used as multivalent vaccine---cocktails of different LAVs---due to the risk of reversion to virulence by reassortment. However, monovalent AHSV4LP was successfully and safely used to control AHS on the Iberian Peninsula in the late 1980s, without reports of adverse effects or "reversion to virulence." It is likely that synthetic AHSV4LP is indistinguishable from this ancestor virus in horses, as has been shown for synthetic viruses derived from many virus families by reverse genetics, including virulent BTV8 and avirulent BTV6 ([@B29]).

The flexibility to change the serotype of AHSV4LP by the exchange of Seg-2\[VP2\] was demonstrated (AHSV1LP to AHSV9LP). Live-attenuated BTV6/net08 with VP2 and VP5 of virulent BTV8/net06 is not virulent ([@B31]), although VP2 of BTV is involved in virulence ([@B54]). Similarly, AHSVxLPs will be attenuated like AHSV4LP, although virulence markers on Seg-2 have also been suggested ([@B44], [@B55]). Furthermore, AHSV without NS3/NS3a expression shows *in vitro* characteristics ([Fig. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}) similar to those of BTV without NS3/NS3a proteins ([@B36]). Previously, we demonstrated that virulent BTV8/net06 without NS3/NS3a is not virulent ([@B37]). Finally, live-attenuated BTV6/net08 without NS3/NS3a, named bluetongue disabled infectious single animal (BT DISA) vaccine, harboring heterologous VP2 protects sheep against the respective virulent BTV serotypes, and NAbs are highly serotype specific ([@B37], [@B40], [@B41]).

Thus, live-attenuated AHSV4LP without NS3/NS3a might be a suitable AHS DISA platform to develop vaccine candidates for different serotypes. As an example, Seg-2 of serotype 1 or 8 was incorporated into AHSV4LP with the mutAUG1+2&STOPS mutation ([Table 3](#T3){ref-type="table"}). AHS DISA vaccines will also enable serological DIVA (differentiating infected from vaccinated animals) by accompanying tests detecting AHSV NS3-directed antibodies ([@B56]). Development of AHS DISA vaccine candidates with DIVA potential, preferably by deletion of Seg-10 sequences associated with stability, for all nine serotypes is in progress. These AHS DISA vaccine candidates will share nine segments and differ only in Seg-2. Consequently, virulent variants of AHS DISA vaccines cannot arise by reassortment, and cocktails of proposed AHS DISA vaccines are as safe as monovalent AHS DISA vaccines.

In summary, we demonstrated the exchange of single Seg-2\[VP2\] of all AHSV serotypes. Furthermore, we showed that NS3/NS3a proteins are not essential for AHSV replication *in vitro*. NS3/NS3a knockout mutants of AHSV exhibit *in vitro* characteristics similar to those of NS3/NS3a knockout mutants of BTV. We therefore propose that the NS3/NS3a knockout mutant of live-attenuated AHSV will harbor properties in horses similar to those of the BT DISA vaccine in ruminants. By using this AHS DISA platform, vaccines for all AHSV serotypes will be feasible by single Seg-2\[VP2\] exchange. Promising vaccine candidates will be extensively investigated *in vitro* before vaccination/challenge experiments in horses are planned.
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